A number of defined desiccation treatments without low temperature exposure were able to induce freezing tolerance in 20 cultivars of winter cereals. A maximal degree of freezing tolerance was induced in epicotyls at 24C in 24 hours at 40% relative humidity in rye and wheat, 7 days at 54% RH in barley, and 4 days at 70% RH in oats. Freezing tolerance was not correlated to water content of the plants after desiccation treatment but was related to the genetic capacity of the cultivars to frost harden. Levels of freezing tolerance induced by desiccation were similar to those induced by cold acclimation in rye and wheat, but considerably less in barley and oats. This is associated with a more rapid desiccation injury in barley and oats, precluding the completion of the hardening process.
ABSTRACI
A number of defined desiccation treatments without low temperature exposure were able to induce freezing tolerance in 20 cultivars of winter cereals. A maximal degree of freezing tolerance was induced in epicotyls at 24C in 24 hours at 40% relative humidity in rye and wheat, 7 days at 54% RH in barley, and 4 days at 70% RH in oats. Freezing tolerance was not correlated to water content of the plants after desiccation treatment but was related to the genetic capacity of the cultivars to frost harden. Levels of freezing tolerance induced by desiccation were similar to those induced by cold acclimation in rye and wheat, but considerably less in barley and oats. This is associated with a more rapid desiccation injury in barley and oats, precluding the completion of the hardening process.
A 24-h desiccation treatment at 40% RH at room temperature induces the same degree of freezing tolerance in seedlings of winter rye and wheat as is induced by several weeks of cold acclimation (4) (5) (6) (7) . The mechanism by which desiccation stress enables the seedlings to survive freezing is not simply a lower water content at the time of freezing (7) but involves increases in the amounts of soluble proteins and phospholipids at the warm temperature similar to those which occur during cold acclimation (6) . In a recent study (7) , 16 wheat cultivars, 4 triticale, and 1 rye cultivar ranked similarly in freezing tolerance developed in response to desiccation stress, and cold acclimation. This strongly suggests that whatever the mechanism, both environments allow for the genomic expression of freezing tolerance in these cereals. A number of other species have been shown to increase in freezing tolerance following desiccation (3, 8) , but the level of tolerance was not as great as following cold acclimation.
The investigation reported herein was carried out to determine whether the less cold hardy winter oats and barley respond to desiccation in a similar way as winter wheat and rye. We subjected seedlings of several strains each of winter oats, barley, and rye and one reference cultivar of wheat to various desiccation regimes and to cold acclimation conditions to determine the level of freezing tolerance and water content. In this way optimum conditions of desiccation to induce freezing tolerance in these cereals were determined. (Table I) . Levels of freezing tolerance of rye were highest after approximately 24 h at 39% RH when the water content of desiccated epicotyls was 68% and that of reimbibed ones was 79% (Table  II) . Similar experiments were conducted with Huron barley and Wintok oats (not shown) to determine optimum conditions of desiccation for the acquisition of cold hardiness in these cereals (Table II) . The levels of cold hardiness obtained at these optimal conditions are higher in barley (-7.2°C) than in oats (-6.0°C). Rye resisted a temperature of -78C after 1 d at 40% RH (Table  III) . The high level of freezing tolerance in rye epicotyls indicates that this tissue is hardier than other seedling tissues as we reported earlier (5) . Freezing tolerance ofbarley epicotyls did not increase appreciably in 88 h of desiccation (Fig. 3) or when their water content was 86% or more (Fig. 4) . Molds developed at humidities over 70% for more than 3 d. Maximum freezing tolerance was developed at 54% RH for 7 d with a shoot moisture content of 55% ( Fig. 4 ; Table II) . Seedlings desiccated to a moisture content of 55% in lower humidities were not as hardy (Fig. 4) ; those desiccated for longer periods (e.g. 14 d at 84% humidity) were contaminated by molds. Barley shoots were injured when their water content fell below 35%, and their freezing tolerance was below that of the unhardened controls as some of the epicotyls were killed by the desiccation treatment.
MATERIALS AND METHODS
Oats were even less tolerant of desiccation stress than barley (Fig. 3 after various desiccation regimes is +0.429 (Table IV) .
In barley and oats, desiccation stress induced less freezing tolerance than cold acclimation (Table III) . The LT50 of desiccation stressed epicotyls was not below -7°C in barley or -5.5°C in oats, whereas the LTs0 values ofcold-acclimated Huron barley and Wintok oats were -20 and -1 3C, respectively. However, correlations between LT50 values developed in the cold, and during desiccation stress were significant in barley, and between LTso developed during desiccation stress and shoot water content were significant in oats (Table IV) . acclimation. These cereals are also injured by prolonged desiccation, whereas rye shoots are extremely resistant (14) .
The degree of freezing tolerance in each cereal resulting from desiccation stress is not linearly related to the water content of the shoots at the end of the desiccation period. Instead, we observe an optimal water content for the expression of freezing tolerance. Optimal water losses required to induce freezing tolerance differed among the cereals and were not directly correlated with the level of resultant hardiness-barley required a larger water loss than oats. However in oats, desiccation injury was observed as a result of water losses slightly greater than the optimal water loss for the induction of freezing tolerance. The relationships between desiccation intensity and duration with hardening in the three cereals are summarized in Figure 5 . The area between injury and no response is large in rye allowing expression of hardiness over a wide range of conditions while in oats the window of response is very small, and barley is intermediate. These graphs suggest that desiccation injury is the limiting factor in the development of freezing tolerance by desiccation stress.
Desiccation stress induces some ofthe same changes in cellular components as cold acclimation (6) . It has been shown that desiccation stress increases the level of ABA in wheat (10) and, in turn, that this hormone induces freezing tolerance in wheat cells (2, 9) . The biochemical changes produced by desiccation involve mobilization of endosperm reserves, translocation to the shoot tissues, and diversion from extension growth (14) . This diversion is dependent upon the environmental stimulus of desiccation and possibly an increased level of ABA. It is also dependent upon uninjured tissue. Rye tissue is extremely resistant to desiccation injury, accumulation of cellular components continues, and freezing tolerance increases up to a genetically programmed maximum. This is probably the case in wheat also, when the maximum acclimation is lower than rye. In barley and oats, the cellular changes begin to occur but do not proceed to their potential because of the death of the tissues by desiccation injury.
Because of this injury, it appears that desiccation is not as efficient as cold acclimation for inducing freezing tolerance in barley and oats. In wheat and rye, good correlations between desiccation-induced, and cold-induced freezing tolerance have been observed, which relate well with established field responses 3 6 OATS 9 12 Plant Physiol. 
